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The Minibrain (Mnb) gene encodes a new family of protein kinases that is evolutionarily conserved from insects to humans.
In Drosophila, Mnb is involved in postembryonic neurogenesis. In humans, MNB has been mapped within the Down’s
Syndrome (DS) critical region of chromosome 21 and is overexpressed in DS embryonic brain. In order to study a possible
role of Mnb on the neurogenesis of vertebrate brain, we have cloned the chick Mnb orthologue and studied the
spatiotemporal expression of Mnb in proliferative regions of the nervous system. In early embryos, Mnb is expressed before
the onset of neurogenesis in the three general locations where neuronal precursors are originated: neuroepithelia of the
neural tube, neural crest, and cranial placodes. Mnb is transiently expressed during a single cell cycle of neuroepithelial
progenitor (NEP) cells. Mnb expression precedes and widely overlaps with the expression of Tis21, an antiproliferative gene
that has been reported to be expressed in the onset of neurogenic divisions of NEP cells. Mnb transcription begins in mitosis,
continues during G1, and stops before S-phase. Very interestingly, we have found that Mnb mRNA is asymmetrically
localized during the mitosis of these cells and inherited by one of the sibling cells after division. We propose that Mnb
defines a transition step between proliferating and neurogenic divisions of NEP cells. © 2002 Elsevier Science (USA)
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division.INTRODUCTION
Neural cells in the adult brain of vertebrates arise from a
small number of morphologically identical founder progeni-
tor cells, which go through a complex process to yield the
large number and diversity of neuronal and glial cells.
Although there is an abundant amount of information in
the literature about these cellular processes, the genetic and
molecular basis for the control of cell number, cell-type
specification, and differentiation remain largely unknown.
For instance, the relative dependence of the neurogenic
process on environmental factors, cell–cell interactions, and
cell lineage-dependent mechanisms is still a matter of intense
research and debate (see Fraser et al., 1990; McConnell and
Kaznowski, 1991; Caviness et al., 1995; Kornack and Rakic,
1995; McConnell, 1995; Huttner and Brand, 1997; Morrison et
1 To whom correspondence should be addressed. Fax: 340012-1606/02 $35.00
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All rights reserved.al., 1997; Pituello, 1997; Cameron et al., 1998; Lillien, 1998;
Brunet and Ghysen, 1999; Guillemot, 1999 for wide reviews).
Therefore, unraveling the molecular basis of cell lineages,
identifying specific molecular markers within these lineages,
and understanding some of the complex interplay between
cell-intrinsic mechanisms and extrinsic signals appear as
important research objectives.
We have formerly cloned and characterized the Minibrain
(Mnb) gene of Drosophila, which encodes a new protein
kinase involved in neurogenesis (Tejedor et al., 1995). Mnb
mutants exhibit an important reduction in the size of
defined adult brain regions with no apparent phenotype in
other tissues. This reduction results from a decrease in the
number of cells generated during the proliferation processes
of postembryonic development.
Homologous genes to Mnb have been cloned in verte-
brates (Kentrup et al., 1996; Guimera´ et al., 1996; Shindoh
et al., 1996), whose authors have also named this gene965919549. E-mail: f.tejedor@umh.es. Dyrk1A. Since Mnb was the first name used in the litera-
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FIG. 1. Alignment of the deduced protein sequences of human, rat, chicken, and fly Mnb. Identical amino acids (single letter code) on
equivalent positions are dashed. From the amino to the carboxyl termini, the following domains can be highlighted as highly conserved in
the three vertebrate proteins: a bipartite nuclear targeting signal (rectangles), a highly conserved catalytic domain that extends between the
two arrows, a PEST domain (brackets), a histidine repeat (dashed rectangle), and a Ser/Thr repeat (dotted rectangle).
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ture, we will use this name to refer to all orthologous genes,
independently of their origin. Interestingly, the human
Mnb orthologue is harbored within the so-called Down’s
Syndrome critical region (DSCR) of chromosome 21 (Gui-
mera´ et al., 1996; Shindoh et al., 1996; Song et al., 1996), is
expressed in the developing CNS (Guimera´ et al., 1996;
Shindoh et al., 1996; Rahmani et al., 1998), and is overex-
pressed in Down’s Syndrome (DS) embryonic brain (Gui-
mera´ et al., 1999). Using this information of the human
orthologue, together with the role of Drosophila Mnb on
neurogenesis (Tejedor et al., 1995), as well as the fact that
DS brains also exhibit a decreased number of neurons in
defined regions (Korenberg et al., 1994), a possible involve-
ment of Mnb on neural alterations associated to DS has
been proposed (Guimera´ et al., 1996; Shindoh et al., 1996;
Song et al., 1996; Smith et al., 1997; Kola and Hertzog,
1998; Rahmani et al., 1998; Guimera´ et al., 1999; Miyata
and Nishida, 1999; Okui et al., 1999; Altafaj et al., 2001).
The common and unique structural features and enzy-
matic properties of Mnb proteins in different organisms
have assembled them as a novel family of protein kinases
(Becker et al., 1998; Becker and Joost, 1999). Consequently,
one might expect that some of the biological functions
would have been evolutionarily conserved as well. There-
fore, a role of Mnb in the neurogenesis of the vertebrate
brain could be hypothesized. It has recently been shown
that Mnb/Dyrk1 activity is induced during neuronal differ-
entiation in vitro (Yang et al., 2001), suggesting a role of
Mnb in late brain development. Nevertheless, no experi-
mental data which support a role of Mnb on the neurogen-
esis of the vertebrate brain have been provided so far. In
order to tackle this question, we have studied the expres-
sion pattern and cellular localization of Mnb during the
embryonic development of chicken and mouse nervous
systems. The fact that Mnb mutations cause alterations in
the proliferation centers of Drosophila larval brains (Teje-
dor et al., 1995) prompted us to study the possible relation-
ship between Mnb expression and neural proliferation dur-
ing vertebrate embryonic development. We found that Mnb
is transiently expressed in neural progenitor cells before the
onset of neurogenesis, raising interesting questions about
the implication of Mnb on vertebrate brain development.
MATERIALS AND METHODS
Animals and Embryos
Normal fertilized chicken (Gallus domesticus) eggs were incu-
bated at 38°C until the desired stage. Chick embryos were staged
according to Hamburger and Hamilton (1951). For experiments in
embryonic mice, the ICR strain was used.
Cloning of Chicken Mnb
An RT-PCR approach was followed to clone Mnb from chick
embryonic brain. Two primers, DY5 and VAS, were designed
within DNA segments which corresponded to highly conserved
protein sequences found in Drosophila and human. Poly(A)-mRNA
was isolated from E9 chick embryonic brain, and a 972-bp cDNA
fragment was cloned. New primers, NT, CT1, CT3, CT4, and CT5,
were used to extend the cloning of cDNAs to the 3 and 5 by
RACE. At least three independent clones were sequenced for each
amplified segment of DNA in order to ensure a reliable consensus
sequence. The cDNA and protein sequences have been submitted
to the EMBL database under Accession No. AJ459381. The primer
sequences are as follows: DY5, GAGGTTTACTATGCNAAA-
AAG; VAS, CCT GTT TCC ACT CCG AG; NT, ATG CAY ACN
GGN GGN GAR AC; CT1, CAA GCA CCA AAA GCA AGA
AAG; CT3, GGG ATA CCG CCT GCC CAT ATT CTT GAC C;
CT4, GCC ATG GAG CAG TCA CAG TCT TC; and CT5, GTC
AGA CCC CAC GCA CCA GCA TCG AC.
In Situ Hybridization and Immunocytochemistry
For in situ hybridization (ISH) of chick Mnb, a 257-bp fragment
(bp 301–557) was subcloned into the HindIII site of pKs Bluescript
(Stratagene) and used as the template to prepare digoxigenin- or
fluorescein-labeled DNA probes by PCR. Equivalent results were
obtained when other segments from different regions of the cDNA
were used as templates. In the case of mouse Mnb, the template
was a 302-bp fragment (bp 360–662; EMBL database, Accession No.
U58497) located in the same region as that in chicken.
For ISH of mouse Tis21, a 261-bp fragment (bp 1131–1292 and
2487–2598; EMBL, Accession No. M64292) was used as template to
prepare probes as described above. For ISH of Tis21 in chicken, an
EST clone was obtained from the Delaware Chick EST Project
(EMBL, Accession No. AW240040). Due to its high similarity (78%)
with the mouse Tis21 protein, this appears to be the chick Tis21
orthologue. This cDNA was used as a template to prepare, as
explained above, a 256-bp probe which corresponds to the same
region as the mouse probe.
Chick and mouse embryos were dissected and fixed in 4%
paraformaldehyde, treated with 10 g/ml proteinase K, postfixed in
4% paraformaldehyde, and hybridized under standard conditions.
Probe detection was carried out on whole-mount embryos with
alkaline phosphatase-coupled antisera against digoxigenin and flu-
orescein. Whole-mount embryos were first photographed in a
stereomicroscope, and then, 10-m paraffin or 20-m cryostat
sections were cut and counterstained with Nuclear Fast Red.
Images were collected with a Polaroid Digital Microscope Camera
on a Leica DM RB microscope. In the case of double ISH, probe
detection was carried out on 100-m vibratome sections with a
biotinylated antibody against fluorescein (Vector) followed by
streptavidine-Cy2 and with a mouse monoclonal antibody against
digoxigenin followed by an anti-mouse Cy3 secondary antibody
and analyzed by confocal microscopy.
For Mnb immunostaining, we used an anti-Mnb antiserum
previously raised against a recombinant fragment of the Mnb
protein in Drosophila (Tejedor et al., 1995), which presented a high
degree of homology to vertebrate Mnb. Mnb protein expression was
analyzed by confocal microscopy on 100-m vibratome sections,
and the signal was amplified with biotinylated secondary antibody
and streptavidine-Cy2. Concentration and incubation conditions
for rabbit polyclonal sera against phosphorylated-histone H3 and
cyclin D (Upstate Biotechnology), as well as mouse monoclonal
antisera against -tubulin (GTU-88; Sigma) and TUJ1 (gift from A.
Frankfurter) were optimized in each case. FITC-, Texas-Red-, Cy3-,
and Cy5-conjugated secondary antibodies were all obtained from
commercial sources and used as recommended by the supplier. In
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the case of TUJ1, detection was carried out by using a secondary
biotinylated antibody followed by peroxidase staining with avidin–
biotin. Nuclear DNA was visualized by using 0.2 g/ml propidium
iodide for 15 min in PBS. Images were collected on a Leica TCS-NT
confocal microscope.
Subcellular Localization of Mnb mRNA
ISH was carried out on whole-mount embryos with digoxigenin-
labeled probes. Afterwards, 100-m vibratome transversal sections
of the neural tube were cut and processed for immunocytochem-
istry with an anti-digoxigenin–fluorescein antibody (Roche Mo-
lecular Biochemicals). Mitotic cells were labeled with anti-
phosphorylated histone H3 followed by a Cy5-coupled secondary
antibody. Orientation of the mitotic spindle was analyzed with
anti--tubulin and a Cy3-coupled secondary antibody. Immuno-
stained sections were analyzed by confocal microscopy. Images
were collected by taking 1-m serial optical sections along the
z-axis of the tissues sections. Mitotic cells were analyzed one by
one, and two centrosomes were identified in each case. When the
two centrosomes were located in more than one optical section, the
image of the mitotic cell was reconstructed by making digital
projections of the sections. Finally, the localization of Mnb mRNA
in relation to the mitotic spindle and dividing nuclei was deter-
mined.
BrdU Labeling
Proliferating cells were detected in chick embryos by in ovo
incorporation of BrdU after incubation periods of 20 min to 3 h
with 50 l of a 5-mg/ml solution in PBS. Longer incubations or
higher concentrations caused a disruption of embryonic develop-
ment and were therefore not applied in this study. After the
incubation, embryos were either directly fixed, or in the case of
pulse/chase experiments, washed with Neurobasal medium, dis-
sected, and incubated in culture medium supplemented with
L-glutamine, glucose, and antibiotics. At different chasing times,
embryos were fixed in 4% paraformaldehyde and 100-m coronal
sections were cut with a vibratome. When ISH was combined with
BrdU labeling, in order to prevent denaturalization of hybridized
probes on the tissue, sections were treated with 70% ethanol (1 h)
and with 50% ethanol (5 min) before treatment with 2 N HCl for 30
min. After incubation with the anti-digoxigenin–fluorescein anti-
body, sections were incubated overnight at 4–8°C with mouse
anti-BrdU antibody (Becton Dickinson) and finally with an anti-
mouse Cy3-conjugated antibody. In order to determine when TUJ1
expression appears after cell cycle exit, pulse/chase experiments
with BrdU were carried out as before. Nevertheless, the immuno-
FIG. 2. Mnb expression during early chick and mouse embryonic development. Whole-mount in situ hybridization of early chick (A–D,
F) and mouse (E) embryos. (A, B) Mnb expression in the neural folds of stage 7 and stage 8 chick embryos. (C) Mnb expression in a stage 10
embryo at different levels of the neural tube: prosencephalon, mesencephalon, rhombencephalon, and spinal cord. (D, E) A stage 19 chick
embryo and an E10.5 mouse embryo show equivalent expression patterns of Mnb. (F) Dorsal view of a stage 19 chick embryo. Abbreviations:
ac, apical crest; e, eye; M, mesencephalon; nc, neural crest; nf, neural folds; np, nasal placode; ov, otic vesicle; P, prosencephalon; R,
rombencephalon; Sc, spinal cord; Sch, Sympathetic chain; V, X, IX, VII/VIII, placodes-ganglia of cranial nerves.
FIG. 3. Mnb is expressed in individual cells of early proliferating neuroepithelia. Transverse sections (10 m) of in situ-hybridized
whole-mount embryos showing Mnb mRNA (blue) in proliferating neuroepithelia. Nuclei are counterstained with Nuclear Fast Red. (A)
Forebrain neuroepithelium (fbne) and optic vesicle (opv) of a stage 11 chick embryo. (B) Forebrain (fbne) at the level of the diencephalon
of a stage 19 chick embryo. (C) Midbrain neuroepithelium (mbne) of a stage 19 chick embryo. (D) Hindbrain neuroepithelium (hbne) and
otic placode (op) of a stage 11 chick embryo. (E, F) Otic vesicle (ov) and nasal placode (np) of a stage 19 chick embryo. (G) Transversal section
of the prospective spinal cord in a stage 19 chick embryo showing Mnb expression in groups of neural crest-derived cells located at the
spinal ganglion (Sg), Sclerotome (S), and sympathetic chain (Sch). The position of the neural tube (nt) is indicated. Scale bars, 20 m.
FIG. 4. Mnb expression moves caudally during embryonic develop-
ment. (A–C) Dorsal views of HH10 (10 somite stage), HH11 (13
somites), and HH13 (19 somites) chick embryos, respectively, show-
ing Mnb mRNA expression in the prospective spinal cord neuroepi-
thelium. Note that the position in the neural tube where Mnb is
detected moves toward caudal regions as the embryo develops. (D, E)
Transverse cryostat sections (20 m) taken from the embryo of (A) at
the indicated levels. Numbers indicate position of somite pairs.
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detection of TUJ1 was completed before denaturation with HCl
and BrdU detection.
Mitotic Arrest
A total of 50 l of 20 g/ml demecolcine (Sigma) in PBS was
administered into the chick embryo through a window in the
eggshell three times over a period of 2 h. The embryos (stages
10/11) were then fixed and processed, as described above, for in situ
hybridization and immunocytochemistry.
RESULTS
Cloning of the Chicken Mnb Orthologue
Mnb/Dyrk1A has been previously cloned in rat, human,
and mouse. In order to experimentally analyze the possible
role of Mnb on vertebrate brain development, we decided to
clone the putative Mnb gene of chicken. This was accom-
plished in two steps. First, RT-PCR was carried out by using
degenerated primers of two domains in the Mnb protein
which were the most evolutionarily conserved. This
yielded a 1-kb cDNA fragment, which was used to design
new primers to extend the cloning to 5 and 3 of the
transcript by RACE (see Materials and Methods for a
detailed description). The open reading frame of this cDNA
can be translated into a protein sequence of 756 amino acids
that can be well aligned with other Mnb proteins (Fig. 1).
The chick Mnb exhibits a very high degree of similarity
with rat and human Mnb proteins (742 and 745 identical
amino acids over the whole sequence, respectively). More-
over, the chicken protein also has the typical domains of
this protein kinase family (Becker et al., 1998; Becker and
Joost, 1999): a bipartite nuclear translocation domain in the
amino terminus, a PEST domain, a histidine repeat, and a
Ser/Thr repeat at the distal side of the catalytic domain.
Therefore, one may conclude that a true orthologue was
indeed cloned. Nevertheless, we found a clear difference
with the rat and human transcripts. There was a lack of a
nine-amino-acid insertion (VMPDIVMLQ) between Gln70
and Arg71 that has been found in rat and human to be
generated by alternative splicing (Guimera´ et al., 1996;
Kentrup et al., 1996). None of the cDNAs that we isolated
from chicken contained such an insertion.
Mnb Is Expressed in Early Neural Proliferative
Anlagen
In order to find out the expression pattern of Mnb in the
developing vertebrate CNS, ISH was carried out in chick
embryos from stage HH4 (neural plate stage) up to stage
HH23 (4 days) and in mouse embryos from E8.5 to E10.5.
The earliest detection of Mnb mRNA in chick embryos
was in stage HH6, where it appears as a punctuated pattern
of labeled cells in the head folds (Fig. 2A). In the closing
neural tube (stage HH8), this punctuated pattern extends
more caudally and also appears at the prospective spinal
cord (Fig. 2B). By stage HH10, Mnb expression can be
detected at different levels of the already closed neural tube:
the prospective prosencephalon, mesencephalon, rhomben-
cephalon, and spinal cord (Fig. 2C). Later in development
(stage HH12–HH20), Mnb expression is clearly observed in
the areas of migrating neural crest cells (Figs. 2D and 2F). In
intermediate stages (E3–E4), Mnb is also expressed in other
non-CNS proliferating cells, such as cranial placodes, otic
vesicle, and nasal placode, and in nonneural tissue, such as
lens placode, corneal epithelium, apical crests, and oral
plate (Figs. 2D and 2F). It is important to emphasize that, as
exemplified in Figs. 2D and 2E, mouse and chick embryos
show equivalent spatiotemporal patterns of Mnb expression
throughout their development.
In order to study the punctuated pattern of Mnb labeling
that was observed in whole-mount embryos, thin section-
ing of in situ-hybridized embryos was carried out. As shown
in Fig 3, this pattern of labeling is due to Mnb expression in
sparsely distributed neuroepithelial cells. There was no
correlation of the position of these Mnb-expressing cells
with a given territory in each neuroepithelium. This is
especially clear on the spinal cord, where, as described in
Figs. 2B and 2C and in more detail in Fig. 4, Mnb exhibits a
wave of expression. Examination of transverse spinal cord
sections shows that the labeled cells are randomly distrib-
uted both from ventral-to-dorsal and from apical-to-basal
positioning (Fig. 4E). In contrast, the expression of Mnb in
some cranial placodes sometimes labels a given territory.
For instance, the expression at the otic placode is restricted
to the ventrolateral area (Fig. 3D) from which the semicir-
cular channel is generated (Brigande et al., 2000).
As mentioned before, Mnb is also expressed in the neural
crest of early embryos (Figs. 2D and 2F). This expression
appears to be localized at the early migratory track that
moves ventrally through the rostral part of the somitic
sclerotome (Rickmann et al., 1985; Bronner-Fraser, 1986;
Erickson and Reedy, 1998). It must be highlighted that Mnb
is expressed in cells located in defined positions of this
track, such as in the beginning of migration when neural
crest cells are leaving the neural tube, at the somitic
sclerotome, and at the sympathetic chain (Fig. 3G). These
are the presumptive loci from where the dorsal root and
sympathetic ganglion cells are originated (Anderson, 1993;
Le Douarin, 1986; Le Douarin and Smith, 1988). This
discontinuous expression pattern along the migratory path-
way suggests that Mnb may be transiently expressed at
defined positions.
Mnb Is Transiently Expressed in Proliferating
Neuroepithelial Cells before the Onset
of Neurogenesis
A rather interesting observation when studying the ex-
pression of Mnb in early embryos is that the peak of Mnb
mRNA expression in the prospective spinal cord moves
caudally like a wave as the embryo develops. For instance,
Mnb expression in the spinal cord neuroepithelium of
HH10, HH11, and HH13 embryos is most prominent be-
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tween somite pairs 3–6, 6–9, and 14–17, respectively (Figs.
4A–4C). This peak of expression can be best detected by
making transversal sections along the neural tube (Figs.
4D–4F). The ratio of labeled cells in the center of the peak
goes up to 30% and decreases on both sides.
Several facts prompted us to test whether this wave of
Mnb is spatiotemporally related to the rostrocaudal gradi-
ent of neurogenesis that has been described in the neural
tube of several vertebrates (Prestige, 1973; Nornes and Das,
1974; Hollyday and Hamburger, 1977). (1) Mnb has been
implicated in neurogenesis of Drosophila (Tejedor et al.,
1995). (2) The major onset of neurogenesis in chick embryos
takes place approximately after neural tube closure (Holly-
day and Hamburger, 1977; Ericson et al., 1992). (3) The peak
of Mnb expression at the prospective spinal cord coincides
with the most recently closed neural tube region.
Three general types of cells are expected to coexist in the
embryo around the time of neural tube closure: neuroepi-
thelial progenitor (NEP) cells that divide in a proliferative
(symmetric) manner to produce two new progenitors; NEP
cells which divide in a neurogenic (asymmetric) manner to
generate one postmitotic neuron and a new progenitor cell;
and postmitotic (newborn) neurons which withdraw from
the cell cycle and begin to differentiate (Kornack and Rakic,
1995; McConnell, 1995; Lewis, 1996; Temple and Qian,
1996).
In the first place, we checked whether Mnb was coex-
pressed in the neural tube with early molecular markers of
postmitotic neurons. As shown in Figs. 5A–5C, the wave of
Mnb expression along the anterior–posterior axis of the
neural tube precedes the expression of TUJ-1, a general
marker of newborn neurons (Lee et al., 1990; Menezes and
Luskin, 1994). This lack of coexpression was also observed
in other neuroepithelial regions and with other postmitotic
markers, such as islet-1 for motorneurons (Ericson et al.,
1992) and p75 (Suzuki et al., 1998) for retinal ganglion cells
(not shown). By carrying out pulse/chase experiments with
BrdU, we have found that TUJ1 is expressed as early as 1 h
after mitosis in HH10–H12 chicken embryos (B.H. and
F.J.T., unpublished results). Therefore, the large morpho-
genic distance between the peaks of Mnb and TUJ1 expres-
sion in the spinal cord (approximately 10 somites in HH11–
H13 embryos) clearly indicates that Mnb is expressed before
the beginning of neurogenesis.
To test this conclusion, we took advantage of Tis21 (also
called PC3 and BTG2; see Tirone, 2001 for a recent review),
an antiproliferative gene that has been reported to be
specifically expressed just before the onset of neurogenesis
(Iacopetti et al., 1999). Double FISH carried out in E9 mouse
embryos show that Mnb and Tis21 are expressed in the
same cephalic neuroepithelia. Moreover, 84% of labeled
cells (n  107) coexpressed Mnb and Tis21 mRNA, while
15% expressed only Mnb and 1% showed only Tis21
labeling (Figs. 5D–5F). This coexpression was confirmed in
chicken embryos. Interestingly, Tis21 is expressed in an
anteroposterior wave in the spinal cord that overlaps with
that of Mnb. As shown in Figs. 5G–5I, 84% of labeled cells
(n  132) coexpressed Mnb and Tis21 mRNA in the spinal
cord, while 11% expressed only Mnb, and 4% showed only
Tis21 expression. Also in agreement with the lack of
colocalization of Tis21 and Mnb with TUJ1 in the chicken
spinal cord, cells expressing Tis21 mRNA and TUJ1 were
mostly localized in excluding areas of the early embryonic
mouse brain (Figs. 5J–5L).
Mnb Expression during the Cell Cycle of
Proliferating Neuroepithelial Cells
It is well known that proliferating cells of neuroepithelia
make interkinetic apicobasal movements during the cell
cycle (Sauer, 1935; Sidman et al., 1959; Fujita, 1964; Chenn
and McConnell, 1995). Briefly, cell division takes place at
the ventricular zone. Entry into G1 phase is accompanied by
an outward (apical-to-basal) movement of the nuclei of
daughter cells as they reenter the cell cycle after a cell
division. Replication of DNA during S-phase is accom-
plished in the outer (basal) half of the ventricular zone.
During G2, nuclei move back toward the ventricular surface
where mitosis takes place (see Fig. 6A, for a schematic
representation). Thus, the question arises as to whether the
expression of Mnb takes place at a given step of the cell
cycle. In order to answer this question, a quantitative study
of the relative apicobasal position of Mnb-expressing cells
was carried out in chick embryos. We concentrated our
study on the prospective spinal cord of HH10 embryos at
the 3- to 6-somite level, where the peak of Mnb expression
is located (Fig. 4A). The results show that around 20% of
Mnb-expressing cells (n  620) are located at the most
apical positions, where the mitosis is taking place. Another
20% of Mnb-expressing cells are located at the most basal
positions, and around 60% are located at intermediate
positions. According to the above-mentioned apicobasal
positions of NEP cells during cell cycle phases (Sidman et
al., 1959; Fujita, 1964; Chenn and McConnell, 1995), these
results rule out that Mnb can be transcribed during a single
cell cycle phase.
In order to find a correlation with the S-phase of the cell
cycle, ISH was combined with BrdU labeling of embryos for
increasing periods of time (20 min to 3 h). As shown in Figs.
6B and 6C, increasing the duration of BrdU pulses produced
an extension of the territory of BrdU-labeled cells toward
the ventricle. Thus, after a 20-min pulse, only cells local-
ized in the basal half of the neuroepithelium were labeled
with BrdU. It must be emphasized that, among a large
number of Mnb-expressing cells that were analyzed (n 
150), no consistent colocalization of Mnb and BrdU was
detected after short BrdU pulses (Fig. 6B). Therefore, the
expression of Mnb mRNA during S-phase can be excluded.
Increasing the length of the pulse up to 2 h produced
occasionally double BrdU/Mnb-labeled cells. Only pulse
times lasting for at least 3 h, in which the whole neuroepi-
thelial territory showed BrdU labeling, gave consistent
double-labeled cells (Fig. 6C). Thus, around 30% of the
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FIG. 5. Correlation of the expression of Mnb, TUJ1, and Tis21 in vertebrate embryonic brain. (A) Dorsal view of a stage 12 chick embryo
showing Mnb mRNA (blue) and TUJ1 protein (brown). (B, C) Transverse cryostat sections (20 m) at levels indicated in (A). Note that there
are no double-labeled cells in (B). (D–F) Detail of a coronal section through the hindbrain neuroepithelium (mantle zone, mz; ventricle, v)
of an E9 mouse embryo showing Mnb mRNA (red) and TIS 21 mRNA (green) expression. (G–I) Transverse section through the prospective
spinal cord of a HH10 chick embryo showing Mnb mRNA (red) and TIS 21 mRNA (green) expression. Notice that most cells coexpress Mnb
and Tis21 (orange) in both mouse (D) and chicken (G) embryos. Only very few cells express either Mnb (arrowheads) or Tis21 (arrows) at
a low level. (J) Cephalic region of an E9 mouse embryo showing expression of TUJ1 protein (brown) and TIS 21 mRNA (blue). (K, L) High
magnification of the corresponding insets in (J), showing the differential regional expression of TUJ1 and Tis21, respectively.
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Mnb-expressing cells (n  85) incorporated BrdU during a
3-h pulse.
The fact that many double-labeled Mnb-BrdU cells were
located close to the ventricular surface where the cell
divisions take place suggests that the onset of Mnb expres-
sion might take place during mitosis. To test this possibil-
ity, we carried out double labeling by Mnb ISH and immu-
nocytochemistry with several mitotic markers, such as
anti-phosphohistone-H3, which labels mitotic nuclei (Juan
et al., 1998). As exemplified in Fig. 6D, the Mnb transcript
is present in about 10% (n  141) of all mitotic cells. This
low number is clearly increased to 28% by a mitotic arrest
of embryos for 2 h (Fig. 6E), a period quite shorter than the
duration of one cell cycle. No consistent increase of Mnb
expression was observed in those caudal territories of the
neural tube where the wave of Mnb expression has not yet
arrived (not shown). This rules out a hypothetical triggering
of Mnb expression by mitotic arrest. Also, these results,
together with the fact that Mnb-expressing cells are found
in all apicobasal positions, suggest that Mnb expression
should continue during the G1 phase. To check this, we
combined Mnb ISH with immunocytochemistry with an
anti-cyclin D antiserum. Mouse embryos were used in this
FIG. 6. Mnb expression during the cell cycle of proliferating neuro-
epithelial precursor cells. FISH was carried out with Mnb probes on
transverse vibratome sections of the prospective spinal cord of stage
10 chick embryos and afterwards counterstained with several cell
cycle markers as indicated in each case. (A) Diagram showing interki-
netic nuclear migrations of neuroepithelial cells during the cell cycle
phases. (B, C) BrdU labeling (red) and Mnb mRNA (green) on trans-
verse optic sections (3 m) of the spinal cord neuroepithelium at peak
level of Mnb expression in stage 10 chick embryos. (B) A 20-min BrdU
pulse yields BrdU labeling (red) only of cells located in the most basal
territory. Note that there are no BrdU-labeled cells expressing Mnb
mRNA (green). (C) In contrast, after a 3-h pulse, almost the whole
neuroepithelial territory is covered by BrdU-labeled cells. Note that,
close to the ventricular lumen, several cells show both Mnb and BrdU
labeling (arrows). (D) Section through the neural tube approximately
at the level of somite 4 of a stage 10 chick embryo. Mnb mRNA
(green) is expressed in a few mitotic cells (arrows), which are labeled
with anti-phosphohistone H3 antibody (blue). (E) Section through the
neural tube approximately at the level of somite 4 of a HH10 chick
embryo treated with demecolcine. Note that not only mitotic cells
(blue) but the number of mitotic cells expressing Mnb (arrows) are
clearly increased as compared to an equivalent section of an untreated
embryo (D). (F) Mnb mRNA expression (green) and cyclin D immu-
nolabeling (red) in a transverse section of E9 mouse embryos at
forebrain level. Arrows point to cyclin D-immunolabeled cells ex-
pressing Mnb mRNA. Lateral half of transverse sections of the spinal
cord taken from stage 10 chick embryos that were treated with a
20-min pulse of BrdU (G) or with a 20-min pulse of BrdU followed by
a chase after 3 h (H). Arrows point to cells that have incorporated BrdU
(red) and express Mnb protein (green). (H) Note the presence of Mnb
protein in BrdU-labeled cells located in the most apical 1/3 of the
spinal cord neuroepithelium (approximately delimitated by a dashed
line). Ventricle border is indicated with a continuous line.
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case since the available antibodies did not recognize the
chick cyclin D protein. This analysis showed that about
60% (n  52) of Mnb-expressing cells coexpressed high
levels of cyclin D (Fig. 6F).
To study the possible cell cycle-dependence of Mnb
protein expression, immunocytochemistry was carried out
with anti-Mnb antiserum. It has been shown here that Mnb
mRNA remains during the G1 phase but stops before
S-phase. Thus, BrdU pulse/chase experiments were carried
out in cultured embryos in order to determine the lasting of
Mnb protein. A BrdU pulse of 20 min in HH10 chick
embryos showed that BrdU-labeled cells were placed within
the most basal 2/3 side of the neuroepithelia (Fig. 6G).
Interestingly, 48% of the Mnb-expressing cells (n  210)
incorporated BrdU. This demonstrates the presence of Mnb
protein during S-phase. When a 20-min pulse was chased
after 3 h of incubation in cultured HH10 embryos, BrdU-
labeled cells were distributed all along the apicobasal terri-
tory (Fig. 6H). The duration of the chase was adjusted to 3 h,
so most BrdU-labeled cells would progress through G2
without going into the next cycle. Under these conditions,
Mnb protein was clearly detected in BrdU-labeled cells that
were located in the most apical 1/3 side of the neuroepithe-
lia (Fig. 6H). The fact that the intensity of Mnb immuno-
staining in these cells is lower than in those located in the
S-phase territory indicates a possible downregulation dur-
ing G2. Nevertheless, we can not rule out that low levels of
Mnb might last after mitosis because a weak signal of Mnb
protein can be observed in the neural tube at rostral
positions to the peak of Mnb mRNA expression (not
shown).
An interesting observation when studying dividing cells
is that no pair of Mnb-positive neighbor cells was consis-
tently observed at the ventricle of neuroepithelia. This
indicates that either Mnb could be segregated to one of the
daughter cells during division or, if split between the two
daughter cells, Mnb should be quickly downregulated in
one of them after division. To test this, a detailed analysis
of the expression of Mnb was carried out by confocal
microscopy in mitotic cells. The orientation of the mitotic
spindle was determined by immunolabeling the centro-
somes with anti--tubulin (Fuller et al., 1995; Jean et al.,
1999). This allowed us to detect the expression of Mnb
mRNA beginning at metaphase and lasting throughout
mitosis (Figs. 7A–7C). Most interestingly, in more than
80% of these mitotic cells (n  43), Mnb mRNA was
asymmetrically localized (Figs. 7A–7C). Mnb protein was
also frequently observed in one of the sibling cells during
cytokinesis (Fig. 7D).
DISCUSSION
We have shown here that Mnb expression in the nervous
system of early vertebrate embryos takes place on sparsely
distributed proliferating cells in the three general locations
from which neurons are originated: neuroepithelia of the
neural tube, neural crest, and cranial placodes. We will
mainly focus on the expression at the neural tube for this
discussion. Our results suggest several functional implica-
tions that deserve to be discussed in detail.
Mnb Is Transiently Expressed in a Single Cell
Cycle of Neuroepithelial Progenitor Cells
Several sets of results help to interpret the expression
pattern in proliferative regions of embryonic nervous sys-
tem: (1) There is no colocalization of Mnb with early
markers of postmitotic neurons in different brain regions.
(2) The anterior-to-posterior wave of Mnb expression in the
prospective spinal cord precedes the onset of neurogenesis.
(3) Mnb is expressed from mitosis to S-phase. With these
results, one must conclude that Mnb is expressed in pro-
genitor cells. Then, how can we interpret the expression of
Mnb on a reduced number of sparsely distributed cells?
This may be due to one of two reasons, either there is a
transient expression, or it is expressed in a subset of
progenitor cells.
In the developing brain, several domains of progenitor
cells have been defined by the expression of a number of
region-specific patterning genes as markers of different
neuronal populations. Nevertheless, Mnb-expressing cells
are generally sparsely distributed. Only in some placodes,
such as the otic placode, are they restricted within a defined
territory. If we focus on the neural tube, patterning genes
such as Pax, Nkx, Dbx, and others, which seem to specify
neuronal populations, are expressed in restricted dorsoven-
tral territories of the neural tube (Tanabe and Jessell, 1996;
Lee and Jessell, 1999; Pituello, 1997; Briscoe et al., 2000;
McMahon, 2000; Jessell, 2000). In contrast, Mnb is ex-
pressed in all dorsoventral levels. Moreover, the peak of
Mnb expression on the prospective spinal cord of early
embryos seems to move continuously from anterior to
posterior positions depending on the age of the embryo.
According to the developmental times of the studied em-
bryos, this wave of Mnb moves at a velocity equivalent to
that determined for the somitogenesis of chick embryos
(one somite every 1.5 h; Pourquie, 2001). This dynamic
pattern can be better interpreted as a transient rostrocaudal
wave of expression rather than being restricted to a given
segmental domain.
Former 3H-thymidine- and BrdU-labeling experiments
have found that the duration of cell cycles in the spinal cord
of chicken embryos range from 6 to 8 h (Fujita, 1962;
Langman et al., 1966; Smith and Schoenwolf, 1987; Guthrie
et al., 1991). Since the peak of Mnb expression extends
along a neural tube territory of approximately four somites,
one may conclude that Mnb expression cannot last for more
than one cell cycle. This can also be concluded in the
analysis of Mnb expression during the cell cycle. Transcrip-
tion seems to start during mitosis of NEP cells, maintains
during G1, and stops before S-phase (see Fig. 8A for a
schematic representation). Mnb proteins remain during S-
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and G2 phases, but seem to be downregulated to very low
levels before the next mitosis.
The transient expression of Mnb on a single cell cycle,
which precedes the onset of neurogenesis, suggests that
Mnb may be restricted to a particular cell cycle within the
lineage of NEP cells. Whether this expression takes place in
all cell lineages or in a subset is very difficult to answer
with the present data. Nevertheless, the fact that as many
as 30% of the cells express Mnb at the peak of expression
despite the obvious lack of synchronization in lineages and
cell cycles of NEP cells favors the expression in a large
proportion of cell lineages.
Mnb Is Expressed in Neuroepithelial Progenitor
Cells at the Transition from Proliferating to
Neurogenic Divisions
NEP cells originate from a reduced number of founder
progenitor cells. During early CNS development (before
neural tube closure), the pool of progenitor cells at the
ventricular zone expands proliferatively through a series of
divisions that are thought to be symmetric: both daughter
cells are progenitors and morphologically identical (Lang-
man et al., 1966; Smart, 1972; Rakic, 1988; Caviness et al.,
1995; McConnell, 1995; Huttner and Brand, 1997). Al-
though there are some reticular neurons, which appear very
early in development (Sechrist and Bronner-Fraser, 1991),
most neurons arise after neural tube closure. Around this
time, NEP cells gradually start generating postmitotic neu-
rons through divisions that are thought to be asymmetric:
one daughter cell remains as progenitor, whereas the other
exits the cell cycle and leaves the ventricular zone. The
contribution of these two steps of proliferation (prolifera-
tive and neurogenic) to the whole process of neurogenesis
seems to be quite dependent on the brain region and animal
species (Smart, 1985; Rakic, 1988; Hemond and Glover, 1993;
Lumsden et al., 1994; Caviness et al., 1995; Chenn and
McConnell, 1995; Kornack and Rakic, 1995; McConnell,
1995; Takahashi et al., 1996; Alexiades and Cepko, 1997).
This implies that, at a given point of their lineages, NEP cells
must switch from proliferative (symmetric) divisions to neu-
rogenic (asymmetric) divisions. There is compelling indirect
evidence of this switch based on morphological, DNA label-
ing, and clonal analysis (Langman et al., 1966; Smart, 1972;
Rakic, 1988; Kornack and Rakic, 1995; McConnell, 1995; Reid
et al., 1995, 1997; Takahashi et al., 1996; Huttner and Brand,
1997). Direct evidence has been provided by time-lapse imag-
ing studies of dividing NEP cells in explants of ferret telen-
cephalon (Chenn and McConnell, 1995) and studying the
correlation of spindle orientation and the segregation of Numb
(see discussion below on asymmetric determinants) in divid-
ing rat retinal progenitor cells (Cayouette et al., 2001).
From the analysis of double immunostained HH11–H13
chick embryos (n  6), we have estimated that the distance
between the Mnb expression wave and the onset of TUJ-1
expression along the spinal cord is approximately of 10–11
somites. According to the velocity of somitogenesis (Pour-
quie, 2001), this makes 15–17 h of difference. This long
time (distance) as well as the localization of Mnb and TUJ1
in excluding areas of most neurogenic regions of mouse and
chicken embryonic brain, makes very unlikely the expres-
sion of Mnb in neurogenically dividing NEP cells. Addition-
ally, the wide coexpression of Mnb and Tis21 mRNAs
places the expression of both genes in the same population
of NEP cells. The fact that Mnb and Tis21-expressing cells
are not fully coincident can be well explained by the partial
overlapping of their transient expression during the cell
cycle: the expression of Mnb mRNA begins during mitosis
and finishes in G1, while Tis21 transcription begins in G1
and stops at the beginning of S-phase (Iacopetti et al., 1999).
Thus, this confirms the expression of Mnb at the transition
from proliferative to neurogenic divisions of NEP cells.
Nevertheless, the estimated cell cycle duration (6–8 h)
(Fujita, 1962: Langman et al., 1966; Smith and Schoenwolf,
1987; Guthrie et al., 1991) allows two cell cycles between
the expression of Mnb and neuron birth. In other words,
within the proliferation pattern of NEP cells, Mnb and
Tis21 would be expressed two cell cycles before the first
neurogenic division (see Fig. 8B for a schematic representa-
tion). This does not completely agree with the reported
specific expression of Tis21 in those NEP cells that make
the first neurogenic division (Iacopetti et al., 1999) one cell
cycle later than what we propose. The conclusion of this
former study was partially based on the increase in local-
ization of Tis21 mRNA and TUJ1-expressing cells in com-
mon neuroepithelial regions with the progression of neuro-
genesis. In contrast, our data from early (E9) mouse embryos
show that cells expressing Tis21 mRNA were most abun-
dant in regions where neurogenesis did not start yet. There-
fore, this discrepancy might be explained by the higher
probability of detecting overlapping areas of Tis21 and TUJ1
expression that Iacopetti et al. (1999) had by analyzing older
embryos. Also, our model explains in a simpler way why
the overexpression of PC3/Tis21 induced changes in the
division pattern of rat cortical precursors (Malatesta et al.,
2000) since the expression of Tis21 would take place in NEP
cells before they were committed to divide asymmetrically.
Thus, in our opinion, both Mnb and Tis21 mRNAs will be
very useful molecular markers of the transition of NEP cells
from proliferative to neurogenic divisions. The possible
involvement of these genes in the molecular mechanisms
of this switch in the division pattern of NEP cells is an
attractive hypothesis that deserves to be carefully studied.
Mnb mRNA Is Asymmetrically Segregated during
the Division of Neuroepithelial Progenitor Cells
The fact that Mnb mRNA is asymmetrically localized
during mitosis and inherited by one of the sibling daughter
cells also raises very interesting functional implications. It
is presently accepted that asymmetric division is an evolu-
tionary conserved mechanism for the generation of distinct
daughter cells (Doe, 1996; Knoblich, 1997; Hawkins and
Garriga, 1998; Huttner and Brand, 1997; Jan and Jan, 1999;
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Lu et al., 2000). This can be accomplished through the
asymmetric inheritance of intrinsic factors, the so-called
asymmetric cell determinants, which control the fates of
the resulting daughter cells. Two very good examples of
such determinants are Numb and Prospero. Numb is
asymmetrically localized in dividing precursors of the
Drosophila nervous system and is required for the speci-
fication of nerve cells (Uemura et al., 1989; Rhyu et al.,
1994; Knoblich et al., 1995; Spana et al., 1995). Similarly,
Prospero is expressed during the asymmetric divisions of
Drosophila neuronal precursors and is segregated to the
daughter cell (Hirata et al., 1995; Knoblich et al., 1995;
Spana and Doe, 1995). In vertebrates, there is also evi-
dence for the asymmetric segregation of Numb in neuro-
genic divisions (Zhong et al., 1996; Verdi et al., 1999;
Wakamatsu et al., 1999, 2000; Zhong et al., 2000; Cay-
ouette et al., 2001). Thus, to the best of our knowledge,
the asymmetric segregation of Mnb could be the first case
described in literature that takes place in the division of
proliferating progenitor cells.
What could be the role of Mnb in these dividing NEP
cells? In vertebrates, the specification of neural cells from
proliferating multipotential neural progenitor cells into
specific classes of postmitotic neurons or glial cells seems
to take place by a progressive restriction in the range of
available fates (see McConnell, 1995; Edlund and Jessell,
1999 for recent reviews). Growing evidence also favors the
view that cell class specification in the nervous system is
an event that is at least partially determined during the
proliferative process due to a complex interplay of intrinsic
and extrinsic factors (Frederiksen and McKay, 1988; Mc-
Connell and Kaznowski, 1991; Mione et al., 1994; Kornack
and Rakic, 1995; Alexiades and Cepko, 1997; Groves and
Bronner-Fraser, 1999; Takahashi et al., 1999). In this regard,
the asymmetric localization of Mnb in dividing NEP cells
FIG. 7. Expression and asymmetric segregation of Mnb in divid-
ing NEP cells. Mnb mRNA (green) is detected in mitotic neuroepi-
thelial cells (dashed circle) of early chicken embryos. Mitotic
nuclei were labeled with anti-phosphohistone H3 (blue/purple),
and centrosomes with anti--tubulin (red, arrowheads). This helps
to identify the mitotic stages: metaphase (A), anaphase (B), and
telophase (C). Mnb protein (green) was detected in cytokinetic cells
(D). In this latter case, nuclei were labeled with propidium iodide
(red) since cytokinetic cells lack phosphohistone H3 staining. Note
that dividing cells orient their mitotic axis in a parallel to oblicual
angle to the ventricular plane which is indicated by a straight line.
FIG. 8. Schematic representation of the cellular pattern of Mnb
expression. (A) This scheme represents the expression of Mnb
during the cell cycle phases (M, G1, S, and G2) and interkinetic
movements (apical, basal) of NEP cells in the neural tube. (B) This
is a working model, which fits with the experimental data, and
shows how founder progenitor cells divide symmetrically in the
beginning, yielding more progenitor cells. At a given time in this
sequence of division, Mnb mRNA is expressed during the mitosis
of one progenitor, segregated, and inherited by one of the daughter
NEP cells. In its next division, this Mnb-expressing NEP cell
generates daughter cells, which in turn begin to divide asymmetri-
cally to generate postmitotic cells.
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suggests that Mnb may play a role as an asymmetric
determinant in the transition stage of NEP cells from
proliferating to neurogenic divisions.
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